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Abstract— In order to determine the spatial distribution of the 
flexural strength, three-point bend tests have been performed on 
bar specimens cut from four YBa2Cu3O7-δ single-grain bulk 
superconductors. A relatively large spread of the room 
temperature flexural strength, average and standard deviation of 
49.3 MPa and 12.7 MPa respectively, was observed across the 
four bulk samples. This is attributed to the systemic 
microstructural variation introduced by the seeded melt growth. 
In particular, the strength was shown to be related to the local 
porosity and Y2BaCuO5 content. To further examine bulk-to-
bulk variability, indirect tensile (Brazilian) tests were conducted 
on twelve 16 mm diameter bulk superconductors from three 
production batches. The Weibull modulus for these was 
calculated to be 8.76, suggesting that, despite the large spread in 
strength with position within a bulk, the batch processing of bulk 
superconductors can consistently yield samples with comparable 
overall mechanical strengths. 
 
Index Terms— Yttrium barium copper oxide, superconducting 
magnets, flexural strength, Weibull distribution 
I. INTRODUCTION 
HE (RE)Ba2Cu3O7-δ family [where RE denotes rare earth 
elements, such as Y, Gd and Sm] of melt processed bulk 
high temperature superconductors has outstanding 
technological potential, most notably for application as quasi-
permanent high-trapped-field magnets[1]. This is illustrated by 
the record trapped field of 17.6 T at 26 K between a stack of 
two 25 mm diameter GdBa2Cu3O7-δ bulk superconductors[2]. 
However, significant magnetic stresses due to the large 
Lorentz force are generated during the magnetization and 
operation of such trapped-field magnets.  This leads to 
cracking and failure, therefore making their mechanical 
properties, rather than the critical current or grain size, the 
critical, performance-limiting factor at high fields of above 
around 8 T[3-6].  
Practical applications of bulk superconductors are further 
complicated by the nature of the melt growth process[7], 
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which produces an inhomogeneous microstructure within a 
bulk single grain. For instance, systemic variations in the local 
porosity and the local RE2BaCuO5 (RE-211) content with 
distance from the seed have been observed[8-13]. In addition, 
the volume fraction of RE-211 in the a-growth direction tends 
to be higher than that of the c-growth direction due to the 
difference in the critical radius for each direction[9, 14]. 
Previous studies have shown a dependence of the mechanical 
properties on regional porosity as well as the initial RE-211 
fraction of the precursor powders[15-22]. 
In the present study, the spatial distribution of the flexural 
strength in four YBa2Cu3O7-δ (YBCO) single-grains 
approximately 25 mm in diameter, two fabricated via top 
seeded melt growth (TSMG)[23] and two via top seeded 
infiltration and growth (TSIG)[24], was investigated via the 
three-point bend test and related to the underlying 
microstructure. 
Additionally, the indirect tensile test, also known as the 
Brazilian test[25], was carried out on three batches of YBCO 
bulks 16 mm in diameter to determine the sample-to-sample 
variation in the strength of bulks as a whole. The results from 
two different test techniques would allow for a comparison of 
the strength distribution within a single bulk to the bulk-to-
bulk scatter. 
II. EXPERIMENTAL METHODS 
Two sizes of single-grain bulk superconductors were 
fabricated (diameter of 25mm, 16mm and thickness of 10mm, 
6mm respectively) in air via top seeded melt growth from 75% 
YBa2Cu3O7 + 25% Y2BaCuO5 + 0.5% CeO2 (by weight) 
precursors. Two 25 mm diameter YBCO were also fabricated 
via top seeded infiltration and growth[26] for the bend test. 
The as-grown bulk superconductors were annealed in an 
oxygen atmosphere to facilitate the tetragonal to orthorhombic 
phase transition[27]. The peak trapped fields of all samples 
were measured at 77 K with an axial Hall probe after field-
cooled magnetization with an external field of 1.2 T, followed 
by mapping of the surface field to confirm single-grain 
structure. 
A. Three-Point Bend Test 
Bar specimens of dimensions 2 mm × 1.5 mm × 20 mm 
were cut from the 25 mm diameter YBCO bulks using a 
diamond wheel. The positions of the bars in the parent bulk 
and their identifying labels are shown in Fig. 1. Axial 
symmetry has been assumed so only half of each bulk was cut.  
The samples were subsequently polished to eliminate any 
surface defects potentially introduced during the cutting 
process. The room temperature flexural strength was obtained 
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(1) 
(2) by applying a vertical load to the bar specimens along the 
crystallographic c-direction in an electro mechanical tensile 
testing machine at a crosshead speed of 0.12 mm/min, as 
shown in Fig. 2(a), such that the strength along the ab axes 
could be determined. The upper ab surface of each flexure bar 
is always subjected to tension. The flexural strength σf was 
calculated using (1), where P is the load at fracture, and L, w 
and t are the span length, bar width and bar thickness, 
respectively. 
22
3
wt
PL
f   
The specimens were polished along the ac planes and 
imaged under an optical microscope (with a Moticam Pro 
282A CCD camera). From optical micrographs of the ac 
planes taken at positions that correspond to the mid-point of 
each flexure bar (where the tensile stress would be maximum), 
the local porosity and Y-211 content were approximated 
through ImageJ image processing software[28], as an area 
fraction. The maximum possible error on these 
approximations was determined to be ± 10 %. The strength, 
porosity and Y-211 content for each position are shown in 
Table I. 
 
B.  Indirect Tensile Test 
Twelve 16 mm diameter 6 mm thick YBCO bulks were 
grown in three batches from the same precursor powders and 
with the same heating profile. The circumferential surfaces of 
the cylindrical bulks were subsequently polished to eliminate 
irregularities. They were compressed along growth sectors 
under flat platens in a tensile testing machine, as shown in Fig. 
2(b), at a rate of 0.01 mm/min to avoid exceeding a stress rate 
of 0.35 MPa/s, until a hairline crack formed along the 
principal axis due to induced tensile stress in the perpendicular 
direction[25, 29]. The indirect tensile strength σids was 
calculated using (2), where P is the load at fracture, and D and 
t are the diameter and thickness, respectively. 
Dt
P
ids


2
  
 
III. RESULTS AND DISCUSSION 
A. Spatial Distribution of the Flexural Strength 
Fig. 3 (a) and (b) show the spatial distribution of the 
average flexural strength measured at each position for four 25 
mm diameter YBCO bulks, one of which was supplied by 
CAN SUPERCONDUCTORS. It is evident from Fig. 3 (b) 
that there is a general increase in σf with distance along the ab-
axes from the seed, i.e. ab-growth sectors tend to have higher 
σf than the c-growth sector. 
The average strength of all flexure specimens is 49.3 ± 12.7 
MPa. Applying Weibull analysis on the flexural strengths 
yields a Weibull modulus m[30] of 4.46 across 60 flexure 
specimens from the four bulks, where the Weibull modulus is 
a dimensionless parameter typically used as a measure of the 
scatter and predictability of mechanical strengths, i.e. 
mechanical reliability. “Poor” ceramics exhibit large scatter 
and fall roughly in between 0 ˂ m ˂ 10, whereas “tough” 
ceramics show significantly less scatter and normally are 
classified as m > 10. 
 
 
Fig. 1. Schematic illustrations of bar specimens cut from a YBCO bulk 
superconductor for the three-point bend test. 
 
(a)    (b) 
 
Fig. 2. Schematic illustrations of the (a) three-point bend test on bar 
specimens and (b) indirect tensile test on cylindrical specimens. The 
crystallographic directions are shown. 
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To determine the cause of such σf variation, σf values were 
plotted against the local porosity and local Y-211 content, as 
shown for a bulk in Fig. 4. In order to distinguish the effects of 
porosity and Y-211 inclusions, the strengths were binned and 
averaged per 2.5 % and 5 % interval for the porosity and Y-
211 content respectively. This is due to the fact at any given 
porosity, Y-211 content may not be a fixed variable, and vice 
versa. 
The relationships observed are consistent with previous 
reports that have shown firstly, an increase in mechanical 
strength with increasing RE-211 content in the preform, and 
secondly, a decrease in strength with increasing sample 
porosity. The increase in σf with Y-211 content can be 
explained by the fact that the high stiffness Y-211 particle 
inclusions tend to improve the fracture resistance, and thus 
toughness, of the matrix through interfacial delamination and 
crack bridging[15, 17, 31]. Similar reinforcement can also be 
provided by Ag particles[32, 33].  
The decrease in σf with porosity can be explained by the 
stress concentration introduced by voids within the material, 
causing localized regions around the voids to reach the critical 
stress before the nominal stress. 
It has been well reported the melt growth process introduces 
a microstructural variation across the bulk. For instance, Y-
211 content tends to increase with distance along the ab- and 
c-axis from the seed, as described by the particle push-trap 
theory[9-11], and evident from the data in Table I. It can also 
be seen from Table I that porosity is normally reduced at the 
surfaces of the bulks, since oxygen gas bubbles produced 
during the peritectic reaction are entrapped and coalesce into 
large visible pores at the center. 
We believe the result is a spatial dependence of the flexural 
strength, which mirrors the microstructural variation, as shown 
in Fig. 3. This is unlike the random strength distribution 
normally observed in conventional sintered ceramics due to 
their more homogeneous microstructure. 
 
(a) 
 
(b) 
 
Fig. 3. (a) Cross-sectional view of the spatial distribution of room 
temperature flexural strength, averaged over four samples. (b) Average 
flexural strength as a function of position. The numerical and alphabetical 
labels correspond to those shown in Fig. 1. 
(a) 
 
(b) 
 
Fig. 4. Flexural strength as a function of local porosity and local Y-211 
content for 20 flexure specimens from a YBCO bulk (black). The average 
strengths per 2.5 % porosity and 5.0 % Y-211 content interval are also shown 
(red). 
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B. Weibull Modulus from the Brazilian Test 
 
 
The twelve 16 mm diameter YBCO bulks showed 
consistent peak trapped fields at 77 K, with an average of 
0.460 ± 0.046 T at 77 K. 
Fig. 5 shows the typical failure of a Brazilian disc 
specimen, highlighting the expected hairline crack from the 
center of the cylindrical bulk due to induced tensile stress. 
Fig. 6 shows the logarithmic Weibull plot of failure 
probability against applied tensile stress, i.e. the indirect 
tensile strength, at room temperature. From the slope, the 
Weibull modulus m was determined to be 8.76, which is 
comparable to Al2O3 engineering ceramic[34, 35]. Sample 
failure was assumed to follow the Weibull distribution 
described by (3), where Pf (σ) is the cumulative failure 
probability at applied stress σ, σ0 is the characteristic strength 
and m is the Weibull modulus.  
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Despite high inhomogeneity within a given sample due to 
systemic microstructural inhomogeneity, as illustrated by m = 
4.46 calculated in Section III.A, the batch processing 
technique is shown to be capable of producing consistent 
defect distribution and overall mechanical strength in bulks, 
and therefore consistent failure probabilities, as demonstrated 
by a significantly higher Weibull modulus m = 8.76.  
The tensile strength measured in twelve 16 mm diameter 
YBCO bulks ranged from 19.5 MPa to 26.0 MPa, which 
agrees well with estimations from field-cooling experiments 
conducted by Fuchs et al., who deduced σ = 25 MPa [4]. The 
measured tensile strengths and Weibull modulus from the 
Brazilian test are also more application-relevant given the 
magnetic stress will be distributed across the whole bulk when 
used as a trapped-field magnet. 
 
IV. CONCLUSION 
The spatial distribution of flexural strength within four 25 
mm diameter YBCO bulk superconductors was studied. From 
60 flexure specimens, the average flexural strength and 
Weibull modulus were calculated to be 49.3 ± 12.7 MPa and 
4.46 respectively. The strength at a given position within the 
bulk had correlation to the local porosity and the local Y-211 
content, and this microstructural variation, introduced by the 
melt growth process, is in fact fairly reproducible. An 
understanding of this should be useful towards accurate 
mechanical modeling of these superconducting materials and 
the appropriate design of mechanical reinforcements. 
In addition, the bulk-to-bulk variability was examined. The 
Brazilian test provides a straightforward method of 
determining the strength of bulk materials as-grown, i.e. as a 
disc. The calculated Weibull modulus of 8.76 from the 
Brazilian test is comparable to Al2O3 engineering ceramic and 
would imply that in spite of the large scatter of strength with 
position within the bulk, the mechanical failure of a bulk 
superconductor as a whole can be well predicted, suggesting 
these materials are sufficiently reliable mechanically for use as 
trapped-field magnets. 
 
TABLE I 
Flexural strength and the local porosity and Y-211 content at each position 
in a 25 mm diameter YBCO bulk superconductor. 
Position 
Flexural Strength 
(MPa) 
Porosity 
(%) 
Y-211 Content 
(%) 
1a 33.3 11.7 9.6 
1b 64.4 8.0 16.4 
1c 47.4 9.7 17.7 
1d 42.8 13.9 18.5 
1e 45.2 8.5 35.4 
2a 47.9 5.0 27.4 
2b 48.5 10.8 24.9 
2c 49.6 14.4 19.6 
2d 45.3 10.9 18.3 
2e 51.3 9.9 30.3 
3a 61.6 4.8 29.8 
3b 82.0 6.7 28.2 
3c 49.2 8.7 26.5 
3d 57.8 9.8 22.1 
3e 54.3 7.2 29.5 
4a 54.6 4.3 28.3 
4b 76.2 8.2 36.1 
4c 72.7 8.9 36.2 
4d 56.7 8.8 32.0 
4e 56.6 5.5 36.0 
 
Fig. 5. Typical fracture of a 16 mm diameter YBCO disc from the Brazilian 
test. The markers indicate the direction of the applied compressive load. 
 
10 mm 
 
Fig. 6. Weibull plot of failure probability as a function of applied tensile 
stress, from twelve samples measured via the Brazilian test. 
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